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THERMODYNAMIC PROPERTIES AND THEORETICAL ROCKET PERFORMANCE 
OF HYDROGEN TO 100 000 K AND 1.01325~10~ N/m2 
by R. W. Patch 
Lewis Research Center 
SUMMARY 
The composition and thermodynamic properties were calculated for 100 to 110 000 K 
(180' to 198 000' R) and 1 . 0 1 3 2 5 ~ 1 0 ~  to 1. O1325X1O8 N/m2 (0.001 to 1000 atm) for 
chemical equilibrium in the Debye-Huckel and ideal-gas approximations. Quantities ob- 
tained were the concentrations of hydrogen atoms (H), protons (H'), f ree  electrons (e-), 
hydrogen molecules (H2), negative hydrogen ions (H-), hydrogen diatomic molecular 
ions (Hi) ,  and hydrogen triatomic molecular ions (Hi) ,  and the enthalpy, entropy, aver-  
age molecular weight, specific heat at constant pressure,  density, and isentropic expo- 
nent. 
Choked, isentropic, one-dimensional nozzle flow with shifting chemical equilibrium 
w a s  calculated to  the Debye-Huckel and ideal-gas approximations for stagnation temper- 
a tures  from 2500 to 100 000 K (4500' to 180 000' R) and stagnation pressures  from 
1.01325X10 to 1.01325XlO N/m (1 to 1000 atm). The mass  flow per unit throat a rea  
and the sonic flow factor were obtained. The pressure ratio, temperature, velocity, and 
ideal and vacuum specific impulses a t  the throat and for pressure ratios as low as 
downs t r  eam were found. 
8 2 For high temperatures at pressures  approaching 1.01325XlO N/m (1000 atm), the 
ideal-gas approximation w a s  found to be inadequate for calculations of composition, pre- 
cise thermodynamic properties, and precise nozzle flow. 
Debye-Huckel approximation i s  recommended. The greatest  discrepancy in nozzle flow 
occurred in the exit temperature, which was a s  much as 2 1  percent higher when the 
Debye-Hkkel approximation w a s  used. 
Electronically excited states of H and H2 were included. 
5 8 2 
For such calculations, the 
INTR OD UCTl ON 
The need fo r  reliable values for thermodynamic properties for high-temperature 
hydrogen gas  occurs in gaseous-core nuclear rockets (refs. 1 to 3), arcjets ,  and in 
high-speed entry into the atmospheres of Jupiter, Saturn, Uranus, and Neptune. Calcu- 
lated performance of high-temperature hydrogen as a propellant depends on the values 
of thermodynamic properties and is needed for gaseous-core nuclear rockets. 
A prerequisite to interpreting the thermodynamic properties of hydrogen is the dis- 
tinction between the ortho and para forms of the hydrogen molecule Ha. Ortho and para  
refer  to  H2 states  with tr iplet  and singlet nuclear spin states,  respectively. Ortho 
s ta tes  only occur with odd values of total angular momentum quantum number, whereas 
para states only occur with even values of total angular momentum quantum number. It 
is this fact, coupled with the difference in nuclear spin statistical weights, that effects 
the thermodynamic properties (refs. 4 and 5). In the absence of paramagnetic catalysts 
or hydrogen atoms H, there is very slow equilibration between ortho and para  hydrogen; 
therefore, in many low-temperature problems they may be considered as separate sub- 
stances. At temperatures of several  thousand degrees K, the ortho-para ratio rapidly 
attains an equilibrium value of 3:l due to the action of catalysts or H atoms. Hydrogen 
with this ortho-para ratio is called "normal" hydrogen. At lower temperatures, the 
equilibrium ortho-para ratio is l e s s  than 3: 1. 
ratio for i t s  temperature is said to be "spin equilibrated. '( For engineering purposes, 
the difference between the thermodynamic properties of normal and spin-equilibrated 
hydrogen is negligible above room temperature. 
Calculations with a maximum temperature of 5000 K (9000' R) or  less  include those of 
Woolley, Scott, and Brickwedde (ref. 4), Hilsenrath, et al. (ref. S), King (ref. 7), 
Roder, Weber, and Goodwin (ref. 8), Svehla (ref. 9), Farmer  (ref. lo), and Johnson 
(ref. 11). Other investigators have calculated thermodynamic properties for  chemical 
equilibrium at higher temperatures. Rosenbaum and Levitt (ref. 12) considered spin- 
l e s s  H2, H, positive hydrogen atomic ions H+, and f ree  electrons e- for temperatures 
from 300 to 100 000 K (540' to 180 000' R) and pressures  from 1.01325 to 1 . 0 1 3 2 5 ~ 1 0 ~  
N/m (0.00001 to  100 atm) and included a covolume correction. McGee and Heller 
(ref. 13) considered H, H+, and e-  for temperatures from.2000 to 50 000 K (3600' to 
90 000' R) and pressures  from 1. O1325X1O1 to 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (0.0001 to 100 atm) 
and included Debye-Huckel corrections to the thermodynamic properties. These correc-  
tions account for the coulomb interactions between charged particles treated as point 
charges. McChesney (ref. 14) pointed out that McGee and Heller (ref. 13) were incon- 
sistent because they used the Inglis-Teller cutoff. Krascella (ref. 15) included normal 
H2, H, H', and e -  in some thermodynamic functions for temperatures from 1667 to 
111 111 K (3001' to 200 000' R) and pressures  from 1 . 0 1 3 2 5 ~ 1 0 ~  to 1. O1325X1O8 N/m2 
2 
Hydrogen with the equilibrium ortho-para 
There a r e  many previous calculations of the thermodynamic properties of hydrogen. 
2 
(1 to 1000 atm). He included lowering of the ionization potential according to Ecker and 
Weizel (ref. 16) in the composition used to get the thermodynamic functions. However, 
Ecker and Weizel's work w a s  later retracted (ref. 17). Kubin and Presley (ref.  18) 
calculated ideal-gas thermodynamic functions including spinless H2, H, H+, and e- for 
temperatures from 300 to  20 000 K (540' to 36 000' R) and pressures from 1 . 0 1 3 2 5 ~ 1 0 ~  
8 2 to 1.01325X10 N/m (0.0001 to 1000 atm); for  their calculations they assumed H2 to be 
a rigid rotor harmonic oscillator. Roback (ref. 19) computed some ideal-gas thermo- 
dynamic functions including normal Ha, H, e, H', and the negative hydrogen ion H- for 
temperatures from 300 to 111 111 K (540' to 200 000' R) and pressures from 
1. 01325X10-1 to 1. O1325X1O8 N/m2 (0.000001 to 1000 atm). Thus, previous to this re -  
port there w a s  no complete published set of hydrogen thermodynamic properties (from 
an ensineering viewpoint) for temperatures above 20 000 K (.36 000' R) and no reliable 
Debye-Huckel calculations for hydrogen at any temperature. 
(ref. 7) assumed chemical equilibrium of H2 and H during isentropic expansion from 
stagnation temperatures of 600 to 5000 K (1080' to 9000' R) and stagnation pressures  of 
1 . 0 1 3 2 5 ~ 1 0 ~  to 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (0.01 to 100 atm). Roback (ref. 19) did equilibrium- 
flow and frozen-flow calculations including H2, H, e-, H-, and H+ for isentropic expan- 
sion from stagnation temperatures of 2778 to  111 111 K (5000' to 200 000' R) and stag- 
nation pressures  of 1 . 0 1 3 2 5 ~ 1 0 ~  to 2. 0265X108 N/m2 (1 to 2000 atm). Johnson (ref. 11) 
did real-gas calculations for stagnation temperatures of 97 to 389 K (175' to  700' R) and 
7 2 stagnation pressures  of 0 to 1.01325XlO N/m (100 atm). 
had three purposes: (1) to provide a complete set  of more refined compositions and 
thermodynamic functions for spin-equilibrated hydrogen in chemical equilibrium up to 
110 000 K (198 000' R); (2) to  provide more-accurate rocket-design and performance 
data for hydrogen in chemical equilibrium at high temperatures; and (3) to determine 
the magnitude of the Debye-Hickel effect on thermodynamic properties and rocket-design 
and performance data. For compositions and thermodynamic functions, the scope of the 
present work w a s  100 to 110 000 K (180' to 198 000' R) and 1. O1325X1O2 to 1. O1325X1O8 
N/m (0.001 to 1000 atm), and no deuterium o r  tritium were included. For rocket per-  
formance, the scope w a s  stagnation temperatures of 2500 to 100 000 K (4500' to 
180 000' R), stagnation pressures  of 1. O1325X1O5 to 1. O1325X1O8 N/m (1 to 1000 atm), 
and nozzle pressure ratios from critical down to (Nozzle pressure ratio is defined 
as exit static pressure divided by stagnation pressure. ) This report thus supplements 
the reports of King (ref. 7) and Johnson (ref. 11). 
There are three previous calculations of choked nozzle flow of hydrogen. King 





Ther  modynarnic Properties 
The thermodynamic properties were based largely on compositions calculated by 
-+ Patch (ref. 20). In that work, the species H, H', e-, H2, H-,  H2, and H i  were in- 
cluded for conditions where each w a s  important. 
The f i rs t  six species are wel l  known, but Hf has not previously been included in 
calculations of thermodynamic properties. It has been observed experimentally for  
more than 44 years (refs. 21 to 24), but no optical spectrum has been detected. Thus, 
there was  no reliable partition function o r  dissociation energy before the a b  initio calcu- 
lations of Conroy (ref. 25) and Patch and McBride (refs. 26 and 27). Their H i  parti- 
tion function was estimated to  be accurate to  within 20 percent from 298 to  8000 K (536' 
to 14 400' R) and within a factor of 2 from 8000 to  15 000 K (14 400' to  27 000' R). The 
H i  ion i s  not important above 15 000 K (27 000' R). Since references 26 and 27 were 
written, Leventhal and Friedman (ref. 28) have experimentally determined the dissoci- 
ation energy of Df. Allowing for differences in vibrational zero point energies of H i  
and D i  and a l so  H2 and D2, their resul ts  agree within the experimental e r r o r  with the 
dissociation energy of H i  calculated by Patch and McBride (refs. 26 and 27) and used by 
Patch (ref. 20) to  calculate composition. 
use different approximations for different temperature ranges, being careful that the 
resul ts  matched at the beginnings and ends of the ranges. Above 2000 K (3600' R) there 
w a s  appreciable ionization, so  the generally accepted Debye-Huckel approximation for  
charged-particle interactions was used. Other interactions between particles were 
neglected because these are less important a t  high temperatures. Above 1300 K 
(2340' R), electronically excited s ta tes  of H and H2 were included, necessitating some 
sor t  of cutoff. Cox (ref. 29) pointed out that for  high degrees of ionization the perturba- 
tion of the energy levels is due principally to  Coulomb forces, s o  that one method of 
cutoff should be used, whereas for  low degrees of ionization the perturbation of the 
energy levels is due principally to neutral particles, s o  that another method of cutoff 
should be used. 
and a modified Bethe method (ref, 31), and the method which cut off the most s ta tes  w a s  
used. 
for all temperatures. 
problems in the past (ref. 4) because the resulting entropies and f r ee  energies cannot be 
used directly to  calculate chemical equilibria. 
nuclear spin and inclusion of symmetry numbers for  other components of a chemical r e -  
action. 
4 
Such a wide range of temperatures w a s  included in reference 20 that Patch had to . 
Hence, the cutoff was calculated by the Debye-Huckel method (ref. 30) 
The ground electronic s ta tes  of H2 and H i  were assumed to be spin-equilibrated 
Inclusion of the nuclear spin degeneracy in the partition function of H2 has caused 
This is due to the customary neglect of 
This inconsistency w a s  eliminated in reference 20 by including symmetry 
numbers for H2 and Hf and weighting ortho states with a factor of 3/2 and para s ta tes  
with a factor of 1/2. 
Certain modifications to the method in reference 20 were necessary to extend the 
temperature and pressure ranges. For temperatures below 298 K (536’ R), it w a s  as- 
sumed that the only species w a s  H2. The high-temperature method of reference 20 had 
a convergence limit because of the small  concentrations of H2 and/or Hf at very high 
temperatures. In this report, the temperature limit of convergence w a s  approximated 
by 7989 loglo p - 6323 (with p in N/m and the limit in degrees K). For  higher tem- 
peratures, equilibrium was calculated for  this report by a major-minor Debye-Huckel 
iteration scheme. The major species were taken to be H, H’, and e-, while the minor 
species were H- and H i .  
high as 65. 
2 
5 2 For pressures  below 1.01325XlO N/m (1 atm), i t  w a s  neces 
sary to iIIcl1.de additinnd excited electrnnic states with principal qnamtum- n1umhers as 
The thermodynamic properties for  a given pressure and temperature may be calcu- 
lated from the composition, the partition functions and their derivatives, and two deriv- 
atives of the density. The enthalpy, entropy, specific heat at constant pressure,  and 
isentropic exponent were desired. 
As pointed out in reference 20, the Helmholtz f r ee  energy, pressure,  and Gibbs 
free energy are each the sum of an ideal gas  contribution based on the system volume 
and number of each kind of particle present and an ?‘excess’’ contribution due to the 
Coulomb interactions according to  the Debye-Huckel theory. Consider a system of vol- 
ume V containing the seven chemical species in thermodynamic equilibrium. From 
reference 20, the excess Helmholtz free energy is 
The following paragraphs give the derivations. 
- ~ T V K ~  
dex - -  
12s 
(Symbols are defined in the appendix. ) The reciprocal Debye length is given in SI units 
by 
K =  ( - e2 Z ~ N ~ ) ’ ’ ~  
EOkTV i = l  
The excess pressure is (ref. 20) 
The excess Gibbs f r ee  energy i s  then (ref. 20) 
Gex = -  ~ T V K ~  
8ir 
The excess internal energy w a s  found from equations (1) and (2) and a thermodynamic 
identity (ref. 5). 
The excess enthalpy w a s  found from equations (3) and (5). 
kTVK 
6i7 
Hex = Eex + p,v = -  
(4) 
All the excess thermodynamic functions a r e  negative, s o  the te rm "excess" is some- 
what of a misnomer. 
sure ,  and excess enthalpy. The ideal internal energy of the system with ni moles of 
each species i is (ref. 5) 
The enthalpy and specific heat were found from the ideal internal energy, ideal pres -  
7 
Eid = 2 3 nRT + RT 2 
n i ( - )  i= l  V 
(7) 
where all partition functions qi a r e  referenced to  the same energy, just as in refer- 
ence 20. The enthalpy of the system is 
From equations (6) to (8) and the perfect gas  law, 
6 
7 
a In qi 
H = - 5 nRT + RT2 
ni(F) - d 677 V 2 i= 1 
Thus, the enthalpy per unit mass  i s  
(9) 
which i s  the desired result. In evaluating the seven partial derivatives in equation (lo),  
no simplifying assumptions were made except to  neglect the variation of the H and H2 
cutoffs with temperature. The specific heat at constant pressure w a s  found by numerical 
differentiation. 
P 
cP = (:) 
In carrying out the differentiation, the equilibrium, of course, shifted when the temper- 
a ture  w a s  changed. 
The entropy was found from the enthalpy and the Gibbs f ree  energy. The Gibbs f ree  
energy per  unit m a s s  is (ref. 20) 
vqi kTK ni In - -  
PV AiNoni 87rp 
g = - 
where 
3/2 
Ai (g) i = 1 , 2 ,  . . ., 7 
The entropy per unit mass  i s  then 
I (14) 
7 
The isentropic exponent is useful in calculating sonic velocity, which for  low- 
frequency sound waves i s  given by 
a = d(:), 
The isentropic exponent y is defined by  
so 
Use of the Bridgman table (ref. 32) gives 
P C y , P  
P 
which, due to Debye-Huckel effects, cannot be reduced to a simpler form such as given 
by King (ref. 7). The two partial derivatives in equation (18) were determined numer- 
ically. In carrying out the differentiation, the equilibrium, of course, shifted when the 
temperature o r  pressure was changed. 
To calculate the thermodynamic properties h, c s, and y for a given tempera- 
P’ 
ture  and pressure,  it was thus necessary to  do five equilibrium calculations (one a t  the 
specified temperature and pressure,  and four at other, slightly different, temperatures 
and pressures) because of the numerically determined partial derivatives in equations 
(11) and (18). 
8 
Rocket Performance 
High-performance rockets always utilize choked nozzles (nozzles with sonic flow a t  
the throat). In evaluating nozzle flow in this report, isentropic, choked, one- 
dimensional flow with shifting chemical equilibrium was assumed, just as in references 
7 and 19. (Shifting chemical equilibrium means chemical equilibrium for the local tem- 
perature and pressure.  ) All necessary quantities were derived from the momentum, 
energy, and continuity equations. The stagnation conditions (essentially the chamber 
conditions) were specified. 
Conditions at the throat were found by simultaneous solution of the equations 
and 
St = s* (20) 
where subscript t indicates stagnation conditions and superscript * indicates throat. 
The m a s s  flow ra te  per unit throat a r e a  is 
This quantity has  a strong dependence on stagnation temperature Tt and stagnation 
pressure  pt (which a r e  essentially the same as chamber temperature and chamber pres-  
sure ,  respectively). When presenting tables which are to be  interpolated to find W/A*, 
a quantity with less Tt and pt dependence, which can hence be  interpolated more ac- 
curately than W/A*, is the sonic flow factor $I. 
The throat velocity is given by 
At any point in the nozzle, the velocity is 
v = 42(ht - h) 
The Mach number is 
The a rea  ratio is 
(26) A p* v* 
A* p v 
- = - -  
SP, i 
l Two kinds of specific impulse a r e  usually given. The ideal specific impulse I 
is the specific impulse for the case where the ambient pressure is the same as the exit 
p res  su r  e. 
V - e 
Isp, i 5 
where subscript e indicates nozzle exit, and B is a conversion factor numerically 
equal to the standard acceleration of gravity. The vacuum specific impulse I 
the specific impulse when the nozzle exhausts to  a perfect vacuum. 
is SP, v 
Most other common rocket performance parameters  can be  derived from those already 
given. 
RESULTS AND DISCUSSION 
In this section, numerical resul ts  f rom the Debye-Huckel approximation a r e  pre- 
sented, their limitations and accuracy a r e  discussed, and they a r e  compared with the 
resul ts  of ideal-gas calculations and with the resul ts  of the calculations of other inves- 
tigators, both for thermodynamic properties and for rocket performance. 
10 
The r rnodyna mic Properties 
Values for concentrations and properties. - Numerical results for the dimensionless 
concentrations niNo/VLo of the species H, H+, e-, H2, H-, Hf, and Hf in spin- 
equilibrated hydrogen in chemical equilibrium in the Debye-Hbckel approximation are 
2 given in table I for  pressures from 1. O1325x1O2 to 1 . 0 1 3 2 5 ~ 1 0 ~  N/m (0.001 to 1000 
atm) and temperatures from 100 to 110 000 K (180' to 198 000' R). The dimensionless 
concentration of each species may also be thought of as the ratio of the number density 
of the species to the Loschmidt number Lo, where Lo equals 2.68699XlO particles 
per cubic meter. Graphs of number densities were given in reference 20 for pressures  
of 1 . 0 1 3 2 5 ~ 1 0 ~  and 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (1 and 1000 atm). Below 7000 K (12 600' R), $ 
8 2 is the principal positive ion at a pressure of 1.01325~10 N/m (1000 atm) although it 
w a s  neglected by all previous investigators. I ts  inclusion greatly increases the concen- 
trations of e- and H- at this pressure (ref. 20). However, at lower pressures it is 
less  important. 
equilibrium in the Debye-Hiickel approximation (eqs. (10) to (14) and (18)) are given in 
table II for pressures  from 1. O1325X1O2 to 1. O1325X1O8 N/m2 (0.001 to 1000 atm) and 
P 
temperatures from 100 to 110 000 K (180' to 198 OOOo R). Slight irregularities in c 
and y at the higher temperatures are due to the Debye-Huckel gradual cutoff equations 
used for  H (ref. 20). The reference energies for all partition functions are e- and the 
ground state of H, s o  the reference for enthalpy is the H atom at a temperature of 0 K. 
This makes many of the enthalpy values negative. To  change the reference to liquid 
parahydrogen at 20.268 K (36.482' R) and 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (1 atm), add 214 586 J/g 
(92 288 Btu/lb) to  the tabulated enthalpy values (refs. 4 and 8). The other tabulated 
thermodynamic properties a r e  independent of the reference energy. 
The thermodynamic properties are plotted in figures 1 to 6. In all of these figures, 
the effects of the dissociation of H2 and the subsequent ionization of H are apparent as 
the temperature increases. It is also apparent that these two processes occur at higher 
temperatures as the pressure is increased. 
Accuracy and limitations. - The composition and thermodynamic properties were 
evaluated to four significant figures or better, based on the equations in reference 20 
and th i s  report. However, the interactions between neutral particles and between neu- 
tral and charged particles were neglected, resulting in appreciable e r r o r s  a t  high den- 
sity. These e r r o r s  were evaluated fo r  H2 and H concentrations by using the equations 
and virial coefficients of Fisher (ref. 33). The e r rors  in h, s, cp, p ,  and y - 1 were 
estimated from Johnson's program (ref. 11). For all conditions, the e r ro r  in - 1 
was larger  than in the other thermodynamic properties. Conditions where the e r ro r  in 
y - 1, H concentration, o r  H2 concentration exceeded 20 percent were eliminated from 
tables I and 11 and figures 1 to 6. 
25 
Values for the thermodynamic properties in spin-eqyilibrated hydrogen in chemical 
11 
There is a limit to  the charged-particle density a t  which the Debye-Hickel theory 
is accurate. The theory i s  believed valid provided the equivalent concentration does not 
exceed the cri t ical  equivalent concentration (refs. 34, 35, and 20). 
equivalent concentration approaches the cri t ical  equivalent concentration, the accuracy 
can be expected to decrease (ref. 36). For  the conditions in this report, the equivalent 
concentration never exceeded 0.6 of the cri t ical  equivalent concentration. 
Estimated e r r o r  in the Hf partition function had no significant effect on the thermo- 
dynamic properties. 
Comparisons. - To facilitate an understanding of the Debye-Huckel results, calcu- 
lations of the composition and thermodynamic properties were repeated with all Debye- 
Huckel terms omitted but using the same cutoff methods. 
A composition comparison was given in figure 4 of reference 20. At a pressure of 
1.01325XlO N/m (1000 atm), the Debye-Huckel approximation gave free-electron con- 
centrations as much as 44 percent higher than those given by the ideal-gas approxima- 
tion. 
For the thermodynamic properties, the two sets of resul ts  are plotted in figures 
7 to  12 and a r e  labeled "this report. " In the following paragraphs, these two s e t s  of 
resul ts  a r e  discussed and compared with the resul ts  of other investigations. 
Because of different enthalpy references used by various investigators, some stand- 
a r d  had to be devised for  comparison of enthalpies. 
thalpy difference between the given temperature and 298 K (536' R). 
ferences for two pressures  are given in figures 7 and 8 for  the two approximations of 
th i s  report and fo r  the resul ts  of four other investigators. 
In figure 7 it can be seen that the ideal-gas enthalpy differences of Svehla (ref. 9), 
Roback (ref. 19), and this report are all in excellent agreement. 
Huckel effects did not cause the enthalpy difference to  deviate appreciably from the ideal- 
8 2 gas  calculations, even at 1.01325X10 N/m (1000 atm), where such deviation should be 
largest. This is surprising, considering the large concentration deviations. The ex- 
planation i s  that increased ionization due to Debye-Huckel effects increases the first and 
second te rms  in equation (10) but makes the third term more  negative, s o  the changes 
in the terms roughly cancel. On the other hand, Krascella (ref. 15) gets much higher 
enthalpy differences from 15 000 to 40 000 K (27 000' to  72 000' R) than any other inves- 
tigator. This is because his enthalpy equation contains charged-particle interactions 
only indirectly, through changes in composition, and hence the cancellation mentioned 
previously does not take place. Anyhow, the theory of Ecker and Weizel (ref. 16) used 
by Krascella w a s  incorrect (ref. 17). 
In figure 8, all calculations are in good agreement because at  the low pressure of 
1.01325~10 N/m (1 atm) the interactions between charged particles have a relatively 
small  effect. 
However, as the 
This gave ideal-gas results. 
8 2 
The differences for  other species were smaller. 
The standard chosen was the en- 




A comparison of entropies calculated by various investigators and those calculated 
for  this report  is made in figures 9 and 10 for different pressures.  The previous com- 
ments on enthalpies a lso apply to entropies, since a similar cancellation of Debye- 
Hickel effects takes place. 
figure 11 for a pressure of 1.01325XlO N/m (1000 atm). Including Debye-HGckel ef- 
fects  shifted the second peak to lower temperatures because ionization occurs a t  lower 
temperatures. The difference between the two methods varied from +14. 9 to -13.6 per- 
cent. 
showed that the values from King (ref. 7), Svehla (ref. 9), and this report  (ideal gas  and 
U L W J L  n n h T v n - u : : n l r n l \  L L U L * . L . A ,  fn* L V I cnn V V "  t= Knnn """V r I= ( i n m O  ,A""" 
graphically. 
1 . 0 1 3 2 5 ~ 1 0 ~  N/m (1000 atm). The temperatures of the extrema were shifted just as 
for specific heat at constant pressure.  The difference between the two methods varied 
from -0.051 to  +O. 030. 
5 2 A comparison of isentropic exponents a t  1.01325X10 N/m (1 atm) showed that the 
values f rom King (ref. 7), Svehla (ref. 9), and th is  report  (ideal gas  and Debye-Hkkel) 
for 600 to 5000 K (1080' to 9000' R) were too close together to separate graphically. 
Specific heats at constant pressure by the two methods of this report  a r e  given in 
8 2 
5 2 A comparison of constant-pressure specific heats a t  1.01325X10 N/m (1 atm) 
9gng0 9) T:,,ere tee cl-cp t q e t h p r  tc separate 
Isentropic exponents by the two methods of this report  a r e  given in figure 12 for 
2 
Rocket Performance 
Numerical results. - Nozzle flow was calculated from equations (19) to (28) for 
stagnation pressures  of 1 . 0 1 3 2 5 ~ 1 0 ~  1.O1325x1O6, 1. O1325x1O7, 2. O265x1O7, 
temperatures from 2500 to 100 000 K (4500Oto 180 000' R), and static- to  stagnation- 
pressure  ratios of loq1, lov2, 3 ~ 1 8 - ~ ,  3X10-6, and There 
were two restrictions to the calculations: (1) no calculations were made for static pres-  
2 2 sures  below 1.01325~10 N/m (0.081 atm), and (2) no calculations were made for 
static temperatures below 298.15 K (536.67' R). Both restrictions were due to the 
spin-equilibrated thermodynamic properties (table II and unpublished tables for inter-  
mediate pressures) used. During nozzle expansion from temperatures of 2500 K 
(4500' R) or  higher, nuclear spin of H2 i s  not equilibrated after most of the H atoms 
have recombined. This effect is insignificant until the temperature drops below roughly 
298 K (536' R). Below 298 K (536' R), thermodynamic properties for normal H2 must 
be used instead of properties for  spin-equilibrated H2 if accurate results a r e  desired 
for nozzle flow. 
5. O6625x1O7, and 1. O1325X1O8 N/m 2' (1, 10, 100, 200, 500, and 1000 atm), stagnation 
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Nozzle flow resul ts  a r e  given in table III. The line labeled "chamber" gives stag- 
nation conditions. 
Vacuum specific impulse from table 111 i s  plotted in figure 13 for a pressure ratio of 
vacuum specific impulse for all conditions in table III. Both specific impulses increased 
monotonically with stagnation temperature. 
interpolation of thermodynamic property tables, s o  the resul ts  a r e  only accurate to &1 
in the third significant digit. In addition, shifting chemical equilibrium w a s  assumed. 
This is undoubtedly a good assumption for stagnation conditions where there is negligible 
dissociation and also for high stagnation pressures  combined with high exit pressure 
ratios. However, the validity of shifting chemical equilibrium for other conditions de- 
pends on the nozzle length and is beyond the scope of this report. 
the ideal-gas, shifting-equilibrium flow calculations of Roback (ref. 19) to within *l in 
the third significant digit for stagnation temperatures up to 6000 K (10 800' R). 
higher stagnation temperatures, there  is reasonable agreement with Roback's shifting- 
equilibrium flow calculations. 
calculations. Frozen flow gives lower specific impulse than shifting-equilibrium flow. 
Lines labeled ?'downstream" a r e  for  downstream of the throat. 
For this pressure ratio, the ideal specific impulse w a s  at least  97 percent of the 
Accuracy and limitations. - Nozzle flow w a s  calculated by interpolation and inverse 
Comparisons. - Table 111 agrees  with the ideal-gas calculations of King (ref. 7) and 
For 
For  comparison, Roback (ref. 19) a lso gives frozen-flow 
The effects of the Debye-Hkkel approximation compared with the ideal-gas approx- 
imation for nozzle flow were  evaluated by means of the two sets of thermodynamic prop- 
e r t ies  (this report) described ear l ier  and a r e  presented in figures 14 to 16 for a stagna- 
tion pressure of 1. O1325X1O8 N/m2 (1000 atm). 
parameters. Using the Debye-Hkkel approximation gave exit temperature as much as 
2 1  percent higher, exit Mach number as much as 10 percent lower, nozzle a r e a  ratio as 
much as 17 percent higher, exit velocity as much as 3. 4 percent higher, ideal specific 
impulse as  much as 3.4 percent higher, and vacuum specific impulse as much as 
3. 5 percent higher than these quantities according to the ideal-gas approx'ilhation. The 
measurably higher Debye-Hickel exit temperature suggests the use of a choked 
converging-diverging nozzle to test  the validity of the Debye- Huckel approximation for 
high charged-particle densities. 
Figure 16 shows that the Debye-Huckel approximation gave mass  ra tes  of flow per  
unit nozzle throat a r e a  of from 1.5 percent lower to 2. 1 percent higher than for the 
ideal-gas approximation. 
Figures 14 and 15 a r e  fo r  an exit pressure ratio of and show effects on six 
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SUMMARY OF RESULTS 
The composition and thermodynamic properties of hydrogen were calculated for 
100 to 110 000 K (180' to 198 000' R) and 1. O1325X1O2 to 1. O1325X1O8 N/m2 (0.001 to 
8 2 1000 atm). At a pressure of 1.01325X10 N/m (1000 atm), the Debye-Huckel approxi- 
mation gave free-electron concentrations as much as 44 percent higher than given by 
the ideal-gas approximation. The differences for other species were smaller. 
The differences between enthalpies and entropies calculated by the Debye-Hkkel 
and ideal-gas approximations were slight. However, the specific heats differed by 
-13.6 to +14.9 percent at 1.01325X10 N/m (1000 atm). The isentropic exponents dif- 
fered by -0.051 to +O. 030 at the same pressure.  
Choked, isentropic, one-dimensional nozzle flow with shifting chemical equilibrium 
was  calculated to  the Debye-HGckel and ideal-gas approximations for stagnation temper- 
a tures  from 2500 to 100 000 K (4500' to 180 000' R) and stagnation pressures  from 
1 . 0 1 3 2 5 ~ 1 0 ~  to 1. O1325X1O8 N/m2 (1  to 1000 atm). For a stagnation pressure of 
1. 01325X108 N/m2 (1000 atm) and an exit pressure ratio of 
proximation gave exit temperatures as much as 2 1  percent higher, exit Mach numbers 
as much as 10 percent lower, nozzle area ratios a s  much as 17 percent higher, exit 
velocities as much as 3.4 percent higher, ideal specific impulses as much as 3.4 per- 
cent higher, and vacuum specific impulses as much as 3.5  percent higher than these 
quantities according to the ideal-gas approximation. For  the same stagnation pressure,  
the Debye-Huckel approximation gave m a s s  rates of flow of from 1. 5 percent lower to 
2 . 1  percent higher than for the ideal-gas approximation. 
8 2 
the Debye-Huckel ap- 
CONCLUSIONS 
An analytic investigation was made of the composition, thermodynamic properties, 
and nozzle flow of spin-equilibrated hydrogen gas in chemical equilibrium in the Debye- 
Hickel and ideal-gas approximations. The following conclusions are based on the re- 
sults of this investigation: 
1. For hydrogen at temperatures from about 10 000 to 100 000 K (18 000' to 
180 000' R) at pressures  approaching 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (1000 atm), the ideal-gas ap- 
proximation is inadequate even for crude (A0 percent) calculations of composition. 
thermodynamic properties and nozzle flow, the Debye-H%kel approximation is neces- 
s a ry  for precise calculations, but the ideal-gas approximation suffices for crude calcu- 
lations. 
2. The Debye-Hiickel approximation gave nozzle exit temperatures as much as 
21 percent higher than those obtained with the ideal-gas approximation for  the same 
For 
15 
stagnation conditions, which suggests the use of a choked converging-diverging nozzle 
to  test the validity of the Debye-Hickel approximation for high charged-particle densi- 
ties. 
Lewis Research Center, 
National Aeronautics and Space Admini st ration, 
Cleveland, Ohio, June 16, 1971, 
122-28. 
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M i mi 1 Ni 
NO 
cross-sectional a rea  of nozzle 
Helmholtz f r e e  energy of system referenced to H atoms at 0 K 
sonic velocity 
conversion factor numerically equal to the standard acceleration of gravity 
specific heat at constant pressure per unit mass  
internal energy of system referenced to H atoms at 0 K 
charge of electron 
Gibbs free eiiergy of system refereiiced to E atoms at 0 K 
Gibbs f ree  energy per unit mass  referenced to H atoms at 0 K 
enthalpy of system referenced to H atoms at 0 K 
enthalpy per unit mass  referenced to H atoms at 0 K 
Planck constant divided by 277 
ideal specific impulse 
vacuum specific impulse 
Boltzmann constant 
Lo sc  h m  idt numb e r 
Mach number 
m a s s  of species i 
number of particles of species i 
Avogadro's number 
moles of all species 
moles of species i 
P pressure 
qi ideal-gas internal partition function of species i relative to internal energy of 
e- and ground electronic state of H 
R universal gas constant 
S entropy per unit mass  
T absolute temperature 











velocity of gas relative to nozzle 
mass  rate of flow 
net number of elementary charges e on species i (1, 0, or -1) 
isentropic exponent 
electric permittivity of f ree  space 
reciprocal Debye length 
characteristic volume for translation for species i 
density 















Debye - Hickel approximation 
nozzle exit 
excess 
ideal- gas approximation 
stagnation 
hydrogen atom H 
proton, H+ 
f ree  electron, e- 
hydrogen molecule, H2 
negative hydrogen ion, H- 
hydrogen diatomic molecular ion, Hf 
hydrogen triatomic molecular ion, % 
temperature of 298 K (536' R) 
Superscript: 
* nozzle throat 
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TABLE I. - CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXIMATION 
[E-02, E-03, E+02, E+03 etc. ,  after numbers signify that numbers are to be multiplied 








(a) Pressure, 1.01325~10~ N/m2 (0.001 atm) 
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TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 



















































[E-02, E-03, E+02, E+03, etc . ,  after numbers signify that numbers are to be multiplied by 
10-2, 10-3, lo2, lo3, etc . ]  
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Dimensionless concentration, niNo/VLo 
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TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN TN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXJMATION 
H 
[E-02, E-03, E+02, E+03, etc. ,  after numbers signify that numbers are to be multiplied by 
2 3  10 , 10 , etc . ]  
(b) Pressure, 3. O3975X1O2 N/m2 (0.003 atm) 
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TABLE L - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 






H2 I H- H i  I? e H 
Dimensionless concentration, nlNo/VLo 







































1.151E-04 9.916E-07 9.916E-07 3.401E-10 
1.091E-04 1.584E-06 1.584E-06 2.297E-10 
1.030E-04 2.430E-06 2.430E-06 1.575E-LO 
9.43lE-05 4-064E-06 4.064E-06 9.640E-11 
EiTZSE-OS 5=?41E-n6 5.74lF-06 6.6548-11 
7.96OE-05 7.848E-06 7.848E-06 4.539E-11 
6.843E-05 1.132E-05 1.132E-05 2.630E-11 
5.944E-05 1.435E-05 1.435E-05 1.678E-11 
5.019E-05 1.761E-05 1.761E-05 1.023E-11 
3.808E-05 2.196E-05 2.196E-05 4.857E-12 
2.471E-05 2.670E-05 2.670E-05 1.644E-12 
1.470E-05 2.994E-05 2.994E-05 4.772E-13 
8 242E-06 3 155E-05 3.155E-05 1.257E-13 
4.526E-06 3.192E-05 3.192E-05 3.231E-14 
2.509E-06 3.156E-05 3.156E-05 8.621E-15 
1.433E-06 3.084E-05 3.084E-05 2.481E-15 
8.514E-07 2.996E-05 2.996E-05 7.861E-16 
5.298E-07 2.903E-05 2.903E-05 
2.363E-12 
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27000.00 2.372E-07 2.722E-05 2.722E-05 
28800.00 1.278E-07 2.556E-05 2.556E-05 
30600.00 8.045E-08 2.408E-05 2.408E-05 
32400.00 5.676E-08 2.275E-05 2.275E-05 
34200.00 4.32lE-08 2.155E-05 2.155E-05 
36000.00 3.460E-08 2.048E-05 2.048E-05 
37800.00 2.862E-08 1.950E-05 1.950E-05 
39600.00 2.419E-08 1.862E-05 1.862E-05 
41400.00 2.078E-08 1.781E-05 1.781E-05 
45000.00 1.583E-08 1.639E-05 1.639E-05 
43200.00 1.806E-08 1.707E-05 1.707E-05 
4680n.00 i.3~~-08 1.576~-05 i.576~-05 
48600.00 1.242E-08 1.517E-05 1.517E-05 
50400.00 1.11OE-08 1.463E-05 1.463E-05 
52200.00 9.962E-09 1.413E-05 1.413E-05 
54000.00 8.976F-09 1.366E-05 1.366E-05 
57600.00 7.375E-09 1.280E-05 1.280E-05 
61200.00 6.134E-09 1.205E-05 1.205E-05 
54800.00 5.160E-09 1.138E-05 1.138E-05 
72000.00 3.753E-09 1.024E-05 1.024E-05 
58400.00 4.383~-09 1.078~-05 1.078~-05 
77+0n.o0 3.019~-09 9.528~-06 9.528~-06 
8mon.00 2.453~09 8.907~-06 8.907~-06 
w00o.00 1.439E-09 7.449E-Ob 7.449~-06 
90000.00 1.917E-09 8.194E-06 8.194E-06 
108000.00 l.lO8E-09 6.829E-06 6.829E-06 
117000.00 8.712E-10 6.303E-06 6.303E-06 
126000.00 6.971E-10 5.853E-06 5.853E-06 
144000.00 4.668E-10 5.12LE-Ob 5.121E-06 
152000.00 3.277E-LO 4.552E-06 4.552E-06 
130000.00 2.3R9E-10 4.097F-06 4.097E-06 
198000.00 1.794E-10 3.725E-06 3.725E-06 
TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQULIBRATED HYDROGEN IN 
Temperature, 
T - 
O R  
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXJMATION 
Species 
e H H+ I H- H+3 
[E-02, E-03, E+02, E+03, e tc . ,  after numbers signify that numbers are to be multiplied by 
10-2, IO’, lo3, etc . ]  
(c) Pressure, 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (0.01 atm) 
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TABLE I. - Conthed. CONCE-TiONS OF SPECIES IN SPIN-EQUILIBRATED HYmOCEN IN 
CHEMICAL EQUTLIBRIUM IN DEBYE-"KEL APPROXIPdATION 
[E-Oa, E-03, E+O2, E+O3, &C., after numbers signify that numbers are to be multiplied by 
10-2, 10-3, IO', io3, etc.]  
H 
Temperature, 
T ~ - 












































































































6.8 8 1 E.- 1 9  
3.7 19E -18 
2.108E-18 
1.Zb4E-19 
6.029F- 13  
3.124E-17 
1.419E-19 









































































































3.263 E -04 









3 898 E-05 

























4 . 4 8 7 ~ - a 6  
. .-nr 
9 826E-05 








































































































3.53 BE-1 8 
2.011E-18 


































TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE- H ~ ~ C K E L  APPROXIMATION 
[E-02, E-03, E+02, E+03, etc. ,  after numbers signify that numbers are to be multiplied by 
(d) Pressure, 3. 03975x103 N/m2 (0.03 atm) 









6 . 2 3 2 ~ - n 4  






8 . 9 8 4 ~ - 1 6  





























3 1 00 .  no 
3400.00 
3600.00 







5 6 00.0 0 














































9000. no  
9360.00 





























1.927 € 4 4  






1.598 E -03 
1 . 8 i t ~ - n 3  















i . 2 0 9 ~ - 1 2  
i . 6 n i ~ - i i  
6.179E-11 
2.019E-10 
5 - 6  14E-10 
1.5 10E-09 






























1.5 11 E - O c  
3.595 € - 0 C  
r .  9 3 4 ~ - o c  
























































~ . 6 3 9 ~ - n 2  
2 . 8 3 7 ~ - 0 3  
9 . 6 5 0 ~ - 0 e  




























2.818E-1s - - . - - - - 
1.841E-22 
t.120E-22 
1.253E-21 > 895 -2C 








, . 2 n 3 ~ - i e  





5 - 5 5 1  E-  1: 
5.717E-1' 











1.62 l F - l d  
1.291F-11 
7 .811~-1 :  
1 . n 5 z ~ - i r  __- 




CHEMICAL EQUILIBRIUM IN DEBYE-H~~CKEL APPROXIMATION 
Species 
- 
H+ e H2 I H- Hj H 
[E-02, E-03, E+02, &OS, &C., after numbers signify that numbers are to be multiplied by 












































































































































































































7 . 2 o o ~ - n 4  
4 . 2 2 3 ~ - 0 4  
7 .285~-07  
6 . i o o ~ - o a  
3 . 5 z o ~ - n ~  
2.765E-08 
2.212E-08 
i . 4 8 3 ~ - 0 8  
1 . 0 3 9 ~ - 0 8  
~ . w E - o ~  
5.685E-09 










































i . o 7 8 ~ - n 4  
8 . 1 9 3 ~ - 0 5  
6 . 8 2 8 ~ - 0 5  6 . 8 2 8 ~ - 0 5  











































































































' - 0 0 4 E -  15 
b.009E-15 
t.954F-15 '. 300F-15 
l.726E-15 
l.045E-15 







I .330E- 17 
. 8 8 OE-17 
1.267E-1R 
!.051E-18 








TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
H 
CHEMICAL EQUILIBRIUM IN DEBYE- HUCKEL APPROXIMATION 
H+ e H- H i  
p - 0 2 ,  E-03, E+02, E+03, etc. ,  after numbers signify that numbers are to be multiplied by 
10-2, 10-3, IO', lo3, e tc . ]  
4 2  (e) Pressure, 1.01325xlO N/m (0.1 atm) 
i200.00 
i400.00 
i 6  00.09 
i800.00 
jOOC.O(J  





100 H 0. O u  
1044n.00 
10800.00 



























!300 .00  
!400.00 















































































































5 .  R f2E-08 
I.ORlJ--07 
5.664E-12 
! . 9 8 9 ~ - 0 8  




























1.05 1 E -09 
2.742E-09 
6.542E-09 


























































6 704F-0 I 













































i . 267F- l f  
L.627E-lr 
i. 359E-14 
?. 022E- l :  
5.959E-13 
L.359E-l i  





















3.562F- 1 1  


















5 .4 l lE -1 '  






TABLE I. - Continued. CONCENTRAT- OF SPECIES M SPm-EQUILIBRATED EYEROCEN IN 




[E-02 E-03 E+02, ECOS, etc., after numbers signify that numbers are to be multiplied by 
10- h , 10-5, 102, 103, etC.1 
Species 
- H- e H2 H Hc- 
Dimensionless concentration, niNo/VLo 
(e) Concluded. Pressure, 1.01325~10~ N/m2 (0.1 aim) 
7000.00 12600.00 3.89OE-03 5.777E-06 
7300.00 13140.00 3.723E-03 9.276E-06 
7600.00 / / I  13680.00 3.565E-03 1.434E-05 
8000.00 14400.00 3.36bE-03 2.436E-05 
8300.00 14940.00 3.22lE-03 3.503E-05 
8600.00 15480.00 3.079E-03 4.903E-05 
9000.00 lhZ00.00 2.887E-03 7.396E-05 
9300.00 16740.00 2.742E-03 9.809E-05 
9600,OO 17280.00 2.591E-03 1.274E-04 
10000.00 18000.00 2.382E-03 1.752E-04 
10500.00 18900.00 2.106E-03 2.490E-04 
11000.00 19800.00 1.813E-03 3.369E-04 
11500.00 20700.00 1.511E-03 4.345E-04 
12500.00 22500.00 9.345E-04 6.287E-04 
13000.00 23400.00 6.92OE-04 7.084E-04 
13500.00 24300.00 4.949E-04 7.682E-04 
14000.00 25200.00 3.451E-04 8.071E-04 
15000.00 27000.00 1.627E-04 8.330E-04 
16000.00 28800.00 7.905E-05 8.175E-04 
17000.00 30600.00 4.177E-05 7.854E-04 
18000.00 32400.00 2.425E-05 7.491E-04 
19000.00 34200.00 1.544E-05 7.133E-04 
20000.00 36000.00 1.066E-05 6.794E-04 
21000.00 37800.00 7.87OE-06 6.480E-04 
22000.00 39600.00 6.109E-06 6.191E-04 
23000.00 41400.00 4.928E-06 5.926E-04 
24000.00 43200.00 4.092E-06 5.6RlE-04 
25000.00 45000.00 3.470E-06 5.455E-04 
26000.00 46800.00 2.989E-06 5.246E-04 
12000.00 21600.00 1.212E-03 5.347E-04 
5.778E-06 3.886E-07 3.836E-10 
9.27bE-06 2.675E-07 5.251E-10 
1.434E-05 1.889E-07 I 6.974F-10 
20437E-05 1.228E-07 9.763E-10 
3.503F-05 9.067E-08 1.22lE-03 
4.903E-05 6.788E-08 1.491E-03 
7.396E-05 4.684E-08 1.882E-07 
9.809E-05 3.571E-08 2.184E-09 
1.274E-04 2.729E-08 2.b81E-09 
1.752E-04 1.902E-08 2.842E-03 
2.490E-04 1.193E-08 3.179E-09 
3.369E-04 7.256E-09 3.319E-09 
4.345E-04 4.21lE-09 3.218E-09 
6-287E-04 1.179E-09 2.376E-09 
70084E-04 5.644E-10 1.808E-03 
7.682E-04 2.553E-10 1.281E-09 
8.071E-04 1.113E-10 9.578E-10 
8.33OE-04 2.062E-11 3.475E-10 
8.175E-04 4.236E-12 1.355E-LO 
7.854E-04 1.04lE-12 5.44OE-11 
7.491E-04 3.062E-13 2.311E-11 
7o133E-04 1.052E-13 1.044E-11 
6.794E-04 4.086E-14 4.995E-12 
5048OE-04 1.745E-14 Z.521E-12 
6.191E-04 8.039E-15 1.335E-12 
5.926E-04 3.943E-15 7.375E-13 
5.681E-04 2.036E-15 4.232E-13 
5.455E-04 1.098E-15 2.513E-13 
5.246E-04 1 -539E-13 





















2.607E-06 5.053E-04 5.053E-04 
2.295E-06 4.873E-04 4.873E-04 
2.036E-06 4.705E-04 4.705E-04 
1.819E-06 4.549E-04 4.549E-04 
1.477E-06 4.265E-04 4.265E-04 
1.21PE-06 4.015E-04 40015E-04 
1.019E-06 3.792E-04 3.792E-04 
8.615E-07 3.593E-04 3.593E-04 
7.36lE-07 3.413E-04 3.413E-04 
5.904E-07 3.175E-04 3.175E-04 
4.807E-07 2.968E-04 2.968E-04 
2.798E-07 2.483E-04 2.483E-04 
2.153E-07 2.276E-04 2.276E-04 
1.689E-07 2.101E-04 Z.101E-04 
1.351E-07 1.951E-04 1.951E-04 
9.029E-08 1.707E-04 1.707E-04 
6.333E-08 1.517E-04 1.517E-04 
4.614E-08 1.3hbE-04 1.366E-04 
3.4hSE-08 1.242E-04 l.242E-04 





































































































TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPm-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE- H ~ ~ C K E L  APPROXIMATION 
[E-02, E-03, E+02, E+03, etc . ,  after numbers signify that numbers are to be multiplied by 
10-2, 10-3, lo2, lo3, etc . ]  






















































































5 2 2 0 . ~  
5400.00 








82 en. oc 
R640.0C 
90 0 0. oc 
9360.0C 
97 20. OC 
1008P.OC 
10900. oc 
11 340. 0C 
l l R 8 n .  oc 
10440. oc 
Species 


















1.210 E - 0 4  
2.206E-04 
3.797 E-04 







8 - 4 3 1  E-03 














1.2 fl3 7 E -02 
i . 4 6 5 ~ - n 3  
i . 6 2 7 ~ - 0 2  


































3 .278~-1e  








5.586E- 1 i 
1.291E-1; 
2.78RE- 1 
5 .668E- l i  
1.093E-11 
2.01 8F- 1 I






2.491 E - O t  
5.162E-01 
1.871E-0' 
1. O O ~ E - ~ '  
3 . 3 1 7 ~ - n '  
5.644E-0' 












































































3.406E-l i  






1 .845F- l (  
2.705E-1! 
3 . 8 5 D F - 1 :  































1. ~ C O E - O  
1.035E-22 
2.317E-21 
3.51 7E- 2( 
3.879E- 15 
3.27PE-LE 
2.215E- l i  






2 .244E- 1: 
5.567E-1: 
1.27PE- 1; 
2 730E-1 ; 
5 .621  E- 1; 
Y.935E-1; 
1 .702E- l :  














4 . 0 3 3 E -  1; 
3.344E-1; 
TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXIMATION 
H 
[E-02, E-03, E+02, E+03, etc . ,  after numbers signify that numbers are to be multiplied by 
10-3, lo2, 103, etc.] 
- 






























































































































































































































Dimensionless concentration, niNo/V1 
I 1 
1.002E-05 1 1.002E-05 3.505E-06 
1.610E-05 1 1.610E-05 2.417E-06 
!e  493E-05,2.4936-05 I l .  n1E-06 
e.241E-05 4.241E-05,l .ll8€-06 
















































































































































































. e n i ~ - i  
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TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXIMATION 
[E-02, E-03 E+02, E+03, e tc . ,  after numbers signify that numbers are to be multiplied by 
j 10-2, lo-$, 102, 103, etc.]  
(g) Pressure, 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (1 atm) 
Temperature, 
T 




















































































































































5 . 5 6 6 ~ - 0 3  
4 . 6 8 5 ~ - 0 2  






1 . 4 5 6 ~ - 1  a 





























3.050E- I t  
L.445E- 15 
2.162E-14 





1.42 4E- 12 
3.333E-l i  























































2 - 5  13E-02 
1.594E-02 
9.652E-03 



































b . O O 8 E - 1 1  
3.268E-11 
1.557E-10 











































9.09 1E- I f  
5.465E-1 i 






























TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILJBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXIMATION 
[E-02, E-03, E+02, E+03, etc. ,  after numbers signify that numbers are to be multiplied by 
10-2, 10-3, lo2, lo3, etc.] 
I Temperature, T 



























































































. > ,  A n  





, 0 8 0 o o .  no 
. ~ ~ O O P . O C  





5 2  (9) Concluded. Pressure, 1.01325X10 N/m (1 atm) 
SDecies 
H n + I  e - 1  H2 I H- 
Dimensionless concentration, niNo/VLo 
I 
3 . 8 9 5 ~ - 0 2  1. e m - 0 5  









2.431E-02 8 .558E-04  
2.053E-02 1.626E-03 
1.855E-02 2.127F-03 























7.715~-05 +.8(r is-n3 
2 . 8 4 1 ~ - 0 5  ~ . ~ H H E - o ~  





6.891 E-06 2.2 75E-03 
5 . 3 9 5 ~ - 0 6  2 . i n o ~ - n 3  




































4.86 1 E-03 






























































6. 3 0 5 ~ - 0 8  







































































































1 52 2E- 1 
5.667E-1 




8 .OA9E-  2 
1.963E-21 
3 64  3E- 1 
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TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUEJ3RATED HYDROGEN IN 
CHEMICAL EQUILBRIUM IN DEBYE- H ~ ~ C K E L  APPROXIMATION 
H 
[E-02, E-03, E+02, E+03, etc . ,  after numbers signify that numbers are to be multiplied by 
10-2, 10-3, IO', lo3, etc. 1 
5 2  (h) Pressure, 3.03975X10 N/m (3 atm) 


















i i oo .oo  
2000.00 


















5 4 0 0.0 (1 
5600.00 
5800.00 
600  0.00 
6300.017 
66OC.00 



























6 4 8 0 . 0 ~  
7200 .0~  
756n.00 
9 ~ 8 0 . 0 0  
6840. OC 
7920.00 
8640. O C  
9000.0C 
9360.0L 
9 7 2 P . 00 
1008O.OL 
io440.00 
1 o 80 0 . o~ 
i i 3 4 n . n ~  






























































6 . 5 8 ~ ~ - 2 1  
+ . o e 5 ~ - n s  













1.6 54E- 11 
1.202E-10 












4 . 6 3 1 ~ - 0 6  

















r . 7 7 7 ~ - 1 2  
1 . 7 2 2 ~  11 
3.603E-11 
7.150E- l l  
L.352E-10 















3 . 8 1 0 ~ - 0 6  
3.195E+00 
5.463E+CO 

















































































r . 2 7 1 ~ - 1 4  
3.568E-11 
I. 491E-21 
- 0 1  1E-21 
229E-Z( 































6.96 1 E- 1 6  



























3 . 6 4 2 ~ - 0 9  
! 
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TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXIMATION 
H 
[E-02, E-03, E+02, E+03, etc . ,  after numbers signify that numbers are to be multiplied by 
10-2, 10-3, lo2, lo3, etc.]  
(h) Concluded. Pressure, 3.O3975x1O5 N/m 2 ( 3  atm) 
- 










































3 4  000.0 0 
36000.00 










i 0 0 n o o . n ~  
L 1 onna. ( icy  
46000.00 
90POO. 0 C 
6.061E-02 13.888E-031 3.888E-03 



































5 22 00.00 
54000.00 
504n0.00 
5 7 6 n o . m  





R Z  8 on. 00 
wnoo.oo  
7'3000.00 
O s O O O . 0 0  
17001'.0U 
z 6 o n  1 . no 
4 4  n on. o b  
~z000.n~ 
9oono.nc 








i . + n 6 ~ - 0 2  ~ . ~ o ~ E - o z  
5.065E-OZ,6.2R7E-03 I 6.287E-03 
4 . 5 5 7 ~ - ~  7.6916-03 7 . 6 9 1 ~ - 0 3  
4.043E-02 !9.183E-03 9.183E-03 
3.06OE-0211.223E-02 1.223E-02 
2.179E-02 l1.498E-02 1.498F-02 
1.468E-02'1.706E-02 1.706f-02 
9.5 18  E - (13 1.8 3 1 E - 02 1 .8 3 1 E- 02 
6.075E-03,l .  882E-02 1.882E-02 
3.Y05E-0S1.880E-02 1.880E-02 








1.92SE-04/ 1.202E-02' 1.202E-02 
1.642E-04 1.135E-02 1.1356-02 
1.425E-04/1.076E-O2 1.076E-02 
1.072t-02 
i j . z 3 6 ~ - 0 5  0 . ~ 9 1 ~ - 0 3  
6.352F-05 18.182F-03 
4.729E-05; 7.441E-03 
3.614E-05 I 6.822E-03 
2.827E-C5'6.29HE-O3 
9 .50~€-03 
H. i t 3 2 ~ - 0 3  




2.263E-05 I5.649E-03' 5 .RC.7E-03  
1.034E-0514.551E-03~ 4.551F-03 
7.6 6 3 E -I: 6 I 4 . 0  96 E -I) 3 ' 4.0 9 6 t - 0 3 
5.754E-n6,3 - 724E-031 3.724f-03 
















2 . 3 7 9 ~ - i a  
2.4ZbE-11 






6.7 0 5 E -08  
1 153E-07 


































3.2 b7F -1 1 
1.01 7E-05 











r .  6 7 9 ~ - 0 8  
1.016E-07 
L.313E-07 












































9 . 3 6 n ~ - o 7  
z. 8 6 4 ~ - n 7  
9. i o 5 ~ - 0 a  
l.342E-10 
'.159E-10 ). 2 35E- 10  














t .  042E- 11 
L.85RE-11 
1.295E- 12  
!.531E-12 
3.152E-13 
2.552E- 1 3  













3.92 +E- 19 
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TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 



























'J .YC~E-O;)  
i . 2 1 0 ~ - 0 9  
2 .005~-n3 






[E-02, E-03, E+02, E+03, etc . ,  after numbers signify that numbers are to  be multiplied by 





















~ . ~ c ~ E - o H  
2. ~ ~ ~ E - O F J  
3 . 5 2 2 ~ - 0 8  




































' 9 0 0 .  @'I 
l000.00 
I1 0O.Ol) 




























































9000. 00  
9720.0U 
5 7 6 0 .  no 
h84n.00 
75 b 3.00 
0360.00 
inn8o.oo 
~ 0 4 4 0 .  no 
L or\o 0 . 
1134b.OU 
1 1 3 9 0. i) 0 
(i) Pressure, 1.01325XlO 6 2  N/m (10 atm) 
Species 
Dimensionless concentration, niNo/VLo 
7.095E-36 
2.882E-26 
6 -645  E - 1 7  
3.114E-14 
3.120E-12 
1 . 2 0 1 ~ - 2 a  


















3.343 E-02  
4.417E- 32 
7.225E-0i 
1 .o iaE-n5 
7 . 4 6 1 ~ - 0 5  
5 . 7 n s ~ - n i  
I . 0 9 7 ~ - 0 1  
2. i 0 3 ~ - 0 1  
3.717~-111 
1.565 t - 0 1 
2.673 E -0  1 
3 2 27 E - 0 1  
4.1075-01 
4.383 € - P I  





4.3 32  E - 0 1  
4.2 35 E-nl  













. Z  89E- 1, 
.2 12E-11 
I. 402F-11 
I. 2 8 2 t -  1( 
'. 580E-0' 
-0445-01 
I. 5 0 0 E - O l  
1.HOlE-Ol 
1 . 3 5 5 ~ 4  
). 0 3 w - 0 -  
1.841F-0 





. G : h 7 f - O '  
1.435F-21 
1.21 4E -20 
t.879E-lS 
i .381E- le  
t.54RF-11 
5.072E-16 
L.715E- 1 5  
3.134E- 1 5  






. .944E- l l  

















r .  ~ C ~ E - O C  
i . 5 4 0 r - n ~  
~ . 0 4 e ~ - n t  
2 .732Et01 
1.821E*01 







i . 3 6 6 ~ + n i  
3 . 0 3 5 ~  tno 
2 . 4 8 3 ~ + 0 0  




1.82 1 E t 0 0  
1.707€+00 
1.607Et00 










~ . 9 3 7 ~ - n i  















3.1 46 E -02 
2 . 2 3 ~ ~ - n 2  
































3.01 1 E-OE 
2.495C-3I 
s .3e4~-1e 
2 . 6 n 3 ~ - 0 ~  
5 . 2 3 5 ~ - n t  
7 . 0 7 5 ~ - 0 1  
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TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUKIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXIMATION 
~ 
e HZ H+ 
T 
H 
[E-02, E-03, E+02, E+03, etc. ,  after numbers signify that numbers are to be multiplied by 
(i) Concluded. Pressure, 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (10 atm) 
10-2, 10-3, lo2, lo3, etc.]  





















































Dimensionless concentration, niN,/V: I 
is+oo.oo J , ~ Y ~ P O I  2.480t-04 L . Q ~ ~ E - U ~  
14940.00 3.274E-01 3.586E-04 3 .587E-04  
15480.00 3.159E-01 5.053E-04 5.054E-04 
16200.00 3.015E-01 7.7096-04 7.710E-04 
16740.00 2.913E-01 1.034E-03 1.034E-03 
17280.00 2.815E-01 1.361E-03 1.361E-03 
18000.00 2.691 E - 0 1  1.913E-03 1.913E-03 
18900.00 2.544E-01 2.823E-03 2.823E-03 
19800.00 2.403E-01 4.018E-03 4.01AE-03 
20700.00 2.265E-01 5.536E-03 5.535E-03 
21600.00 2.13OE-01 7.409E-03 7.4qrJE-03 
22500.00 1.995E-01 9.657E-03 9.6!5'6E-03 
23400.00 1.86OE-01 1.229E-02 1.228E-02 
24300.00 1.724E-01 1.528E-02 1.528E-02 
25200.00 1.588E-01 1.861E-02 1.861E-02 
27000.00 1.314E-01 2.603E-02 2.603E-02 
28800.00 1.047E-01 3.3896-02 3.389E-02 
30600.00 8.022E-02 4.134E-02 4.134E-02 
34200.00 4.217E-02 5.214E-02 5.214E-02 
36000.00 2.947E-02 5.490E-02 5.490E-02 
37800.00 2.044E-02 5.610E-02 5.610E-02 
32400.00 5.910E-02 4.759E-02 4-759E-02 
39600.00 1.426E-02 5.615E-02 5.615F-02 
41400.00 1.011E-02 5.543E-02 5.543E-02 
43200.00 7.326E-03 5.425E-02 5.425E-02 
45000.00 5.444E-03 5.282E-02 5.282E-02 
46800.00 4.152E-03 5.127E-02 5.127E-02 
48600.00 3.26OE-03 4.969E-02 4.969E-02 
50400.00 2.626E-03 4.813E-02 4.813E-02 
52200.00 2.162E-03 4.662E-02 4.662E-02 
54000.00 1.818E-03 4.516E-02 4.516E-02 
57600.00 1.354E-03 4.245E-02 4.245E-02 
51200.00 1.061E-03 4.002E-02 4.002E-02 
64800.00 8.711E-04 3.782E-02 3.782E-02 
72000.00 6-320E-04 3.406E-02 3.406E-02 
77400.00 5.199E-04 3.169E-02 3.169E-02 
82800.00 4.392E-04 2.962F-02 2.962E-02 
90000.00 3.5926-04 2.725E-02 2.725E-02 
99000.00 2.905E-04 2.478E-02 2.478E-02 
108000.00 2.235E-04 2.272E-02 2.272E-02 
117000.00 1.749E-04 2.098E-02 2.098E-02 
~26000.00 1.393E-04 1.948E-02 1.94AE-02 
,44000.00 Y.250E-05 1.705E-02 1.705E-02 
l62000.00 6.456E-05 1.516E-02 1.516E-02 
9000~.@0 4.702E-05 1.365E-02 1.365E-02 
6840n.00 7.343~-04 3.584~-02 3 . 5 8 4 ~ - 0 2  






5 . lOSE-04  
e. 030E - 04 























































































r .  987~-07 
1.645E-06 
2.088E-06 



















































































TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
T 
CHEMICAL EQUILIBRTUM IN DEBYE-HUCKEL APPROXIMATION 
j . 463Et01  
i . 097Et01  
3.278Et01 












































a . 3 1 3 ~ - 0 2  
5 . 5 2 5 ~ - 0 2  
[E-02, E-03, E+02, E+03, etc . ,  after numbers signify that numbers are to be multiplied by 
10-2, 10-3, IO 2 3  , IO , etc . ]  
(8 Pressure, 3. O3975x1O6 N/m2 (30 &m) 


































7 . 7 0 1 ~ - 0 '  
i . i u E - n !  
270.00 
360.00 













































1 o ~ o o . 0 0  
i i 8 8 n . 0 0  
Dimensionless concentration, niN,/V '

























z . i 9 3 ~ - 0 2  
~ . ~ ~ s E - o z  
7 . 7 3 1 ~ - 0 2  





5 . 1 3 7 ~ - 0 1  








i . o i o ~ t o 0  
i . i c i ~ t 0 0  
1 . ~ 3 9 ~  +no 








































~ o o . o n  
5200.00 
4600.00 

















f. 770E- 1 4  




t. 0 17E-1C 
! . 0 0 1 E - 0 4  
l.491E-09 
I .  104E-08 























i . i 1 2 ~ - 1 e  
4.448E-11 
~ 9 3 3 ~ - 1 1  
?. 1 ODE-lC 
C.224E-1( 






















L.198E-17 '. 107E-17 
I .  698E-16 
1.711E-15 
'. 127E-15 
!. 7 0 0 f - 1 4  
3.386E-14 
b.Ol8E-13 ?. 535E-12 
1.673E-11 





















7.675E- I 4  
?.B03E-13 
3.174E-13 






4.342 E- 10 
3.345E-10 















r . 3 2 ~ 6 - 2 0  
9 . 4 4 i ~ - n 8  
40 
TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXIMATION 
H 
[E-02, E-03, E+02, E+03, e tc . ,  after numbers signify that numbers are t o  be multiplied by 
10-2, 10-3, lo2, lo3, etc.] 
- 








K 1 OR 
12600.00 
13140.00 








7 . l l6E-03 
1.741E-02 
2.233E-02 









4 .028F-04  
1.137 E +00 
1 .099E+OG 






9 106 E-0 1 
























































4 . 3 0 7 ~ - 0 4  
















1. L) 3 5~ - n 1 













a . i 7 9 ~ - 0 2  
6 -8 15E-02 
4 . 5 4 6 ~ - 0 2  














































































1 . 5 2 3 ~ - 0 8  1. ~ 6 4 ~ - 0 8  
7.350E-03 7.577E-09 

















































4 1  
TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE- H ~ ~ C K E L  APPROXIMATION 
[E-02, E-03, E+02, E+03, e tc . ,  after numbers signify that numbers are to be multiplied by 
(k) Pressure, 1 . 0 1 3 2 5 ~ 1 0 ~  N/m2 (100 atm) 













5 . 4  1 4  E -04 
1.137E-03 
2.2 13  E - 0  3 
3 .  7 9 3 ~ - 2 n  
3 . 1 9 4 ~ - 0 5  
Temperature, 
T 
1.9 d 4  t -2 3 
_-  K 
- 

















2 4 0 0.0 0 
i ino.oo 











3 R n 0. o s  
3600.00 
400  0.0 $ 1  
4'00.00 
4400.011 
460n.c a )  
4 q o n . n ~ ~  
5ono.011 
5 2 on. c 
540n.00 
5 ~ o o . n i .  






6 . 9 6 5 ~ - n 3  
OR 
720.0C 




















4 ~ 6 n . n o  
4 5 00 . 0 0 
46  8 0.00 
5040.00 
5 2 2 0. ou 
5400.00 






79 io .ou  
8 2 8 ( ' .  Ob 
7 2 0 0 . 1 ~  
R b 4 n . w  
ooor .oc 
9360 .  f'L 
V72f:. Olr 




1 1  q R r  .or 
1.771E-21 
2.644F-19 
2 . 4 2 3 ~ - 2 0  
Species 
: . 3 6 i ~ - n i  
7.485E-01 
1.001 F +I10 
1.28RE+O0 
1 . 5 9 3 ~ + 0 0  
1.9Z3E+00 
2 .i45E t o 0  
~ . 5 5 2 ~ + r o  
2 . 6 3 1 ~  + n o  
3.0 79 t +OO 
3. L65E +OD 
3 . 4  15 E t00 
3.521 t +no  
3.605 E +no 
3.623 E + O O  
Dimensionless concentration, niNO/VLn 







6 . 2 9 9 ~ - 0 7  
i . 5 1 6 ~ - o 4  
3.3 14=  - O b  
6.631E-Oh 
1.2 2 H F - 0 5  
2.1 Z D E - O ~  
4 . 4 n 7 ~ -  05 
H . 3 ?  8 E -05 
1 . 8 0 2 ~ - 0 2  
z . 7 3 3 ~ - 0 2  
4 . o i o ~ - n 2  
5 . 7 i o ~ - n 2  
7.9 1BE-02 
1 e072 F-01 
1.421 E-0 1 
1.845 E-ni 
2 . 3 5 5 ~ - 0 1  







j 2': :,'E: 
j 7.296F-13 






2.555€- 1 6  
1.726E- 15 





S .645E- 12  
1.817F-11 
4.610t-11 
i . o 9 4 ~ - i n  




6.62 8 E  -09  
1.903k-08 




1.5 0 7 F - 06 
4.19YE-06 





i . i 2 i ~ - n 7  
7 . 5 4 b ~ - n 6  



























7.668E t O C  
1.047F tQ1 
d . 9 h x + o a  
6.30OF+OL 
7.05 1 F + (10 
5 . 8 2 8 ~ + 0 ~  
5.21 5~ t o o  
+.hn9t+no 
~ . u ~ ~ E + o c  
2 . 4 2 2 ~ + n c  
I .99aF+oc 
6.440E+OC 
3.445E t 0 @  






























3.42 1 E - i i Y  
1.030F -07 
3.05 6 F - 0  7 

























r.  a ~ 5 ~ - n q  
!.378E-OF >. 400E-OF 





~ . 5 + i ~ - n i  




























j . o 3 n ~ - i 7  
2 . 1 2 9 ~ - 0 9  
3.603 F - nc, 
4 . 6 9 7 ~ - n b  
4.245E-C6 
6 .  943E- @6 
4 . 3 6 4 F - 3 6  
4.773E-06 
42 
TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUnIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE-HUCKEL APPROXIMATION 
[E-02, E-03, E+02, E+03, etc., after numbers signify that numbers are to be multiplied by 
(k) Concluded. Pressure, 1.O1325x1O7 N/m2 (100 aim) 
10-2, 10-3, lo2, lo3, etc.] 
3.104E +00 
z .99n E + 00 
2 .  8 9 1  E +oo 
Z.B05E+00 
2.6 9 5 € + 0 0  
~.565~+00 
2 . 2 2 0 ~ + 0 n  
i . i i 5 ~ t o n  
2 . 0 1 4 ~ + 0 0  





1.614E-03 1.619E-03 6.901E-02 
z .4 ROE -0 3 2.40 4~ - o 3 4 .  ‘10 9 E - o 2 
3 . 3 4 1 ~ - 0 3  3 . 3 4 3 ~ - n 3  3 . 9 7 o ~ - n 2  
4.418E-03 4.42OE-03 3.196E-02 
6.251t-03 h.250E-03 2.434E-02 
9 . 2 9 9 ~ - n 3  9 . 2 9 6 ~ 0 3  L . ~ ~ E - O Z  
2.514t-02 2 . 5 1 2 ~ - 0 ?  7 . 7 0 9 ~ - 0 3  
3.319~-(12 j . 3 1 7 ~ - 0 2  6 . 0 1 7 ~ - 0 3  
4 . 2 ~ i ~ - n 2  4 . 2 a 4 ~ - 0 2  4 . 7 4 6 ~ - 0 3  
5.425E-02 5.422F-07 3.775E-01 
1.335E-02 1.33G-02 1.319E-OL 





740 0.0 0 
800 0.0 0 
e3ce.c?2 
8 6 0 0.0‘) 
9000.00 
9300.00 








13 5 00.00 
14000.00 
15000.00 




2 0 0 0 0 . 0 ~  








3 2 0 0 o . n ~  
2 8O(JO. 0 c ’  






5 ~ o o n . o t  





126 00. no 







1 72 80.00 














3 h 0 0 0 .  no 
3 7800. ou 
3 96 00.0 0 
61400.00 
4 5 0 0 0 . n L  
432on.00 
4 6 ~ n n . 0 0  
4 8600. 00 
5n40o.00 
52200.00 
540 0:’. 00 
57600.00 
5 izor. no 
5 h 4 0 0 . n ~  
77401~.00  
t3iaco.c c, 
w c o ~ ~ . ~ ~ ~ i  
L n q n l ’ , l . o u  
548 0 0. OU 
7700P.CO 
7900‘1. 0 1 1  
11 /O ( l ” . ’ )b  
Species 
Dimensionless concentration, niNo/VLo 
1 lO6E-05 
1.564E-b5 















3 893F-04  
4.420E-04 
lt.734E-n4 
~ . ~ o c F - ~ G  





i . 8 3 5 ~ - 0 ~  
1 . 3 7 0 ~ - n +  
1 - 0  0 2 E -0 4 
7.2 3 1 E - 05  




9 . 9 ~ 1 ~ - c s  




2 .82  1 F -[I7 
1.3DlF-(I7 
5.556E- l l3  
2.5 5 4  E-”’J 
1.23 1 F -1.8 
6 . 9  33F-”3 
2 - 3 3 1 E - b4 
2 .  I q S F - l J  
‘ * . 0 7 4 C - 1 3  
1 . 3 ’ 3 5 E -  13  









7. ~ 8 5 ~ 0 5  
1. i 2 3 ~ - n +  

























3 . 8 5 9 ~ - 0 4  
3 . ~ 6 5 ~ - n 5  
1.787e-n5 
i . m i ~ - n b  




7 . 5 0 5 ~ - 0 e  
i . 2 6 s ~ ; m  






3.945E-0 !  
3.598E-0! 
3.130€-3! 












1 . 2 n 2 ~ 7 1  





3.11 9 E - I  
2.054F-0 
I . Z ~ ~ F - O  
7.505E-3 
















TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE- H ~ ~ C K E L  APPROXIMATION 
[E-02, E-03, E+02, E+03, etc., after numbers signify that numbers a r e  to be multiplied by 
10-2, 10-3, IO', lo3, etc.] 
(2) Pressure,  3. 03975X1O7 N/m2 (300 atm) 






























































































































































































8.142 E +00 
8.732€+00 





































































































TABLE I. - Continued. CONCENTRATIONS OF SPECIES TN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILBRIUM IN DEBYE-HUCKEL APPROXIMATION 
i . 5 8 1 ~ - 0 4  
2.034E-04 
2.551E-04 



























2 . 8 8 2 ~ - 0 3  
~ . ~ o ~ E - o G  














6 . 5 i i ~ - n i  
[E-02, E-03, E+02, E+03, e tc . ,  after numbers signify that numbers a r e  to be multiplied by 
10-2, 10-3, lo2,  lo3, etc.] 






























i . n 4 0 ~ - 3 1  
5.102E-3! 























































1 1000 0.0 0 






1 3 1  4 0  .oo 
14400.00 
14940.00 






























4 14 on. 00 
45non.00 
504on.00 
~ ~ 4 o n . 0 0  
72oon.no 
77400.00 
9 2 R 00.00 
99000.0U 
11 7000.00 
1 2 6 0  00.00 
9onoo.oo 
1 o8oon.ou 
i44oon .00  
i 5 2 0 0 0 . 0 ~  
18oooo.oc 
198000. OL 
( 1 )  Concluded. Pressure,  3.03975~10~ N/m2 (300 atm) 
Species 
3.425 E t o0  
7.487 E t o 0  
?. 453E +!?c 
9.302 E +00 




8.673 E t o o  
7.960 € + n o  
7.615E t o 0  
7 .2 05 E t 0 0  















1.507 E t 0 0  
1.255EtOC 




3.390 E-0 1 
2.414E-01 
1.7t5E-01 
7 . i i o ~ - n i  
i . 3 4 n ~ - o i  
i . o 4 5 ~ - 0 1  
7.503E-02 







d. 096 E - O i  
5.131 E-03  
6.401 E-n: 
Dimensionless concentration, niNo/V1 
2.688E-04 
4.582E-04 
?. 3 ? 9 E - %  
1.31 1E-03 
1.933€-03 






















1 .095Et00  
1 .140Et00  
1 .171Et00  
1.189EtOO 
1 .197Et00  
1 .196Et00  
1 .177Et00  
1.142Et00 
1.1 OOE +00 
1 .054Et00  
1 . 0 1 0 4 ~ 0 0  
6 . 6 7 6 ~ - n i  




























1 .853 f -01  








1.0 3 6 E t 0 0  
1.OY5Et00 
5 . 0 8 i ~ - n 4  
+ . 5 2 3 ~ - n 2  
i . 1 4 n ~ t o o  






1 . l O O E t O O  













z .z 8 i ~  t o o  
L.737E+00 
1 . 3 2 9  E+ne 
3.378F-01 
7.299E-01 




























3 . 8 6 8 ~ - 0 5  


























































TABLE I. - Continued. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
CHEMICAL EQUILIBRIUM IN DEBYE- HUCKEL APPROXIMATION 
[E-02, E-03, E+02, E+03, e tc . ,  after numbers signify that numbers are to  be multiplied by 
10-2, lo2, lo3, etc.] 






H H+ e H H i  
3800.00 , 6840.00 
4000.00 ' 7200 .00  
4200.0(1 7560.00 
4400.00 ' 7920.00 
I 
4600.00 1 8 ~ 8 0 . 0 0  
4800.00 , ~ 6 4 0 . 0 0  
52oo.on 936n.00 
I 









7300.00 i 314n .00  
80oo.00 i 440o .00  
8300.00 14940 .00  
90oo.00 16200.00 
10ooo.00 i 8 o o n . o o  





































2 . 0 8 9 ~ - 0 3  
7 . 5 2 8 ~ - n 3  
~ . 7 2 5 ~ - n 2  
2.458€+00 
3 .341€+00  
4.390€+00 
5.597E+00 
t , . 9 4 9 ~ + 0 0  
~ . ~ Z C E + O O  
i . 1 6 3 ~ + 0 1  
9 .995€+00  
1.330E+Ol  
1 .495€+01  
1.653 E +01  
1.814E+O1 
2 .029Et01  
2 .214€+01  
2 .410€+01  
2 .594€+01  
z . s ~ ~ E + o ~  
2 . 6 5 2 ~ + n i  
2.668 E + O I  
2 . 6 4 i ~ + n i  
2 . 5 1 5 ~ + 0 1  
2.435E+Ol 
2.665 E +01 
2 .611€+01  
. 2 . 5 7 3 € + 0 1  
2.351€+01 
2 .267€+01  
2.184€+01 


































7 . 9 1 6 E t 0 1  
7 . 4 1 4 € + 0 1  
6.942E+01 
6 .495€+01  
6 .065€+01  
5 .648€+01  
5 .243Et01  
4 . 8 4 8 € + 0 1  
4 . 4 6 4 € + 0 1  
4.0 9 0  E +O 1 
3.729E+01 
3 .382€+01  
3 . 0 5 1 € + 0 1  
2 .307€+01  
1 .925E401  
1 . 4 9 2 € + 0 1  
1.224E+01 
Y. 998E+00  





2 . 6 9 0 € + 0 0  
2 .120€+00  
1 .596€+00  



















6 . i o ~ ~ - n 5  


















































































TABLE I. - Concluded. CONCENTRATIONS OF SPECIES IN SPIN-EQUILIBRATED HYDROGEN IN 
L.531E-01 






1.491 E + O O  
1.773E+00 








~ . 9 6 5 ~ - n i  






~ . ~ W E + O O  
2. 7 1 ~ ~ + 0 0  























i . 9 6 0 ~ - 0 1  







2.71 R ~ + n o  





[E-02, E-03, E+02, E+03, etc., after numbers signify that numbers a r e  to be multiplied by 
10-2, 10-3, 102, 103, etc. 1 




































































5 200n. oc 
~ o o o n . ~ c  
9dcnn.n~ 
9 9 0  00.0 0 
0 R O O O . O C  
26000.0C 
SDecies 






1.462 E +01 
1.215€+01 
1 .09EE +01 
9.855E +00 
8.78 8 E + 00 
7 . 7 8 5 € + 0 0  












7 . 1 9 4 ~ - 0 1  












































Z. 2 b5E-02 
































































i. 648 E-04 
i. 501E-04 
C.353E-04 





















2 . 3 0 8 ~ - 0 8  























r )  v1 
a, 
a - - 
x 
e 
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00000 
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Figure 1. - Enthalpy of spin-equilibrated hydrogen in chemical equilibrium in Debye-Huckel 
approximation. 
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Figure 3. - Average molecular weight of  spin-equil ibrated hydrogen in chemical equi l ib-  
r i u m  in Debye-Huckel approximation. 
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Figure 4. - Specific heat at constant pressure of spin-equilibrated hydrogen in chemical equi- 
l ibr ium in Debye-Huckel approximation. 
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Figure 6. - Isentropic exponent of spin-equilibrated hydrogen in chemical equi l ibr ium in 
Debye-Huckel approximation. 
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Figure 8. - Comparison of enthalpy di f ferences of hydrogen in chemical  equ i l i b r i um according to t h e  Oebye-Huckel and  
ideal-gas approximations of t h i s  report  and  the  resu l t s  of f o u r  o the r  investigators for  a p ressu re  o f  1.01325~10~ N/m2 
(1 atml. 
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Figure 11. - Comparison of specific heat at constant pressure according to the Debye- 
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Figure 13. - Vacuum specific impulse for choked nozzle flow with shi f t ing chemical equilib- 
r i u m  i Debye-Huckel approximation. Ratio of nozzle-exit pressure to stagnation pressure 
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